1. Synthesis de novo of fatty acids in the rat liver, measured per g wet wt. of tissue, was increased by a factor of about two, between 1 and 4 days after partial hepatectomy, compared with rates in sham-operated control rat livers. 2. There were no associated changes in the rates ofliver cholesterol synthesis or of adipose-tissue fatty acid synthesis in rats after partial hepatectomy, compared with rates in sham-operated rats. 3. In regenerating livers, perfused under three different conditions, there was no alteration in the capacity for fatty acid synthesis compared with that of control rats. 4. The increased synthesis of fatty acids in regenerating liver was associated with insignificant increases in plasma concentrations oftriacylglycerols and free fatty acids, with a decrease in content of liver glycogen, and with no change in hepatic activity of acetyl-CoA carboxylase. 5. The accelerated rate ofsynthesis offatty acids in regenerating liver appears not to be due to any intrinsic alteration in hepatic capacity for fatty acid synthesis, but it may be caused by the continuous action on liver of unidentified circulating factors.
1. Synthesis de novo of fatty acids in the rat liver, measured per g wet wt. of tissue, was increased by a factor of about two, between 1 and 4 days after partial hepatectomy, compared with rates in sham-operated control rat livers. 2. There were no associated changes in the rates ofliver cholesterol synthesis or of adipose-tissue fatty acid synthesis in rats after partial hepatectomy, compared with rates in sham-operated rats. 3. In regenerating livers, perfused under three different conditions, there was no alteration in the capacity for fatty acid synthesis compared with that of control rats. 4. The increased synthesis of fatty acids in regenerating liver was associated with insignificant increases in plasma concentrations oftriacylglycerols and free fatty acids, with a decrease in content of liver glycogen, and with no change in hepatic activity of acetyl-CoA carboxylase. 5. The accelerated rate ofsynthesis offatty acids in regenerating liver appears not to be due to any intrinsic alteration in hepatic capacity for fatty acid synthesis, but it may be caused by the continuous action on liver of unidentified circulating factors.
During regeneration of the liver, there is a requirement for synthesis of new tissue components. Although it is well established that protein synthesis is increased during the period of re-growth, the details of the reconstitution of lipid components (membranes, fat-droplets, lipoproteins) are not fully documented. There is usually an increased content of hepatic fat during regeneration; the extra lipid consists of triacylglycerols (Glende & Morgan, 1968) , whereas phospholipid deposition (with the exception of cardiolipin) exactly keeps pace with the overall growth rate (Glende & Morgan, 1968; Tata, 1970; Fex,, 1970b; Bergelson et al., 1974; Fex & Thorzell, 1975) . Triacylglycerol synthesis, at least from preformed fatty acids, is increased after resection of part of the liver, as may be demonstrated with labelled fatty acids (Fex & Olivecrona, 1968a; Olivecrona & Fex, 1970; Fex, 1970a) or glycerol (Olivecrona & Fex, 1970) . This synthesis of extra triacylglycerols (per unit mass of tissue), which occurs in the absence of any extra phospholipid synthesis (Fex, 1970b; Girard et al., 1971) , may be Vartly a result of increased activity of phosphatidate phosphohydrolase (Mangiapane et al., 1973) . Rates of export of triacylglycerol are maintained during re-growth, i.e. the liver increases the rate per g of tissue, to compensate for the lost liver (Fex & Olivecrona, 1968a,b; Delahunty & Rubinstein, 1970) .
The above processes of glyceride metabolism could be sustained by free fatty acids derived from
blood. An open question, however, is whether the synthesis de novo of long-chain fatty acids in the liver is increased during regeneration. For example, there have been studies of fatty acid synthesis de novo demonstrating that synthesis from [14C]acetate in slices of regenerating liver is increased by about 3 days after hepatectomy (Takeuchi et al., 1976 ) and yet injected substrates appear to be converted less rapidly into fatty acids in regenerating liver of intact rats (Bartsch & Gerber, 1966; Neville et al., 1970 ).
In the experiments described here, the question of synthesis de novo of fatty acid in the liver during regeneration has been investigated by measuring 3H incorporation from 3H20 into fatty acids. This technique gives a quantitative measure of the total rate of conversion of acetyl residues into fatty acid (Lowenstein, 1971; Hems et al., 1975) . The results show that synthesis is increased during the phase of most active liver growth. Measurements of liver glycogen and of synthesis of cholesterol in liver and fatty acids in adipose tissue are also presented.
Materials and Methods Animals
Male rats ofthe Sprague-Dawley strain were fed on a standard Thompson's diet (Oxoid, London S.E.1, U.K.). Partial hepatectomy of standard type (removal of both major sublobes of the left lobe, comprising removal of two-thirds of the liver), or sham operation, was carried out under mediumdepth anaesthesia with air/diethyl ether, through a sagittal midline skin incision and a longitudinal incision of the muscle layer. Skin was sutured with clips. In the standard procedure, rats were fully conscious within 10min after the operation. We formed the impression that a faultless procedure is of relevance to subsequent events in the animals; in particular, rapid resumption of satisfactory food intake can condition metabolic processes, and may minimize the extent and duration of the increased hepatic fat deposition.
Chemicals
Solvents (Salmon et al., 1974; Hems et al., 1975) . Incorporation of 3H into lipids is linear with time over 1 h (Lowenstein, 1971, so that this technique provides a valid measure of the rate of fatty acid synthesis. Liver glycogen (Salmon et al., 1974) and total fat content (Salmon & Hems, 1973) were measured. Blood was rapidly removed by cardiac puncture from the stunned rats, and serum was prepared for analysis of free fatty acids and total triacylglycerol (Salmon & Hems, 1973) . Radioactivity was measured in fatty acid classes separated by degree of saturation (Salmon et al., 1974) . Livers of red rats were perfused as previously described (Kirk et al., 1976) . Assay ofacetyl-CoA carboxylase (EC 6.4.1.2) in liver Acetyl-CoA carboxylase activity was assayed by the method of Halestrap & Denton (1973) , with minor modifications. Liver was freeze-clamped immediately on sampling, in liquid N2. Frozen pieces were weighed and homogenized at 4°C in 9 vol. of 0.1 M of potassium phosphate, pH7.4, containing 0.5 mM-EDTA, 5mg of bovine serum albumin [made free of fatty acids by the procedure of Chen (1967) ]/ml and 2mM-dithioerythritol. Homogenates were centrifuged at 38000g for 60min at 4°C. After removal of the fat-cake the supernatant was transferred (at 4°C) to a clean plastic tube. Assays were started within 1 h. Frozen liver was never stored for longer than 3 days. Separate experiments showed that a delay of up to 2h (at 4°C), or of up to 3 days (frozen at -20°C), made no significant difference to the measured enzyme activities (or to the ratio of initial and total activities).
Supernatants were divided into two parts. One was assayed untreated (initial activity). The other was treated for 30min at 37°C in 15mM-MgCI2/IOmMpotassium citrate, to bring about activation of the enzyme (total activity.) These concentrations were obtained by adding 10cl of stock solutions (1 M and 1.5M respectively)/ml.
Enzyme activity was assayed at 37°C in sealed tubes with a small gas space by measuring incorporation of '4C from KH'4C03 into malonyl-CoA. The reaction mixture (0.45 ml, pH7.4) contained 100mM-Tris/HCl, 10mM-MgCl2, 10mM-potassium citrate, 2mM-dithioerythritol, bovine serum albumin (fatty acid-free, 5mg/ml), 0.5mM-EDTA, 5mM-ATP, 0.15 mM-acetyl-CoA and 15mM-KH'4C03 (about luCi/pmol). The citrate was present to systematize the concentration of this potential modifier in view of a report that it may activate at least one form of the enzyme (Carlson & Kim, 1974) ; omission of citrate decreased the initial activity by about 30 % in normal or regenerating liver. The reaction, started with 501ul of tissue supernatant, lasted 3min at 37°C, and was terminated with 0.2ml of 5M-HCI. After centrifugation (500g for 15min), 0.5 ml of supernatant was dried, the residue taken up in 0.1 ml of water and 14C was determined. Blanks lacked acetyl-CoA, and non-volatile 14C (less than 20 % of the lowest enzyme activities) was subtracted from sample values.
Calculation ofresults
The total amount of newly synthesized fatty acid in tissues was calculated from the incorporation of 3H from 3H20, and is expressed as mol of C2 units converted into fatty acids, taking a factor of2.4 as the discrimination against 3H compared with "H (Windmueller & Spaeth, 1966; Lowenstein, 1971; Salmon et al., 1974 
Characteristics ofrats after partial hepatectomy
The procedure of removal of two-thirds of the liver, involving laparotomy and its associated stresses, produces non-specific effects on food intake and growth, and thus on liver weight and function. These effects can best be revealed in animals that undergo a sham operation. Such control rats were used throughout the present study. In both hepatectomized and sham-operated rats, there was a transient fall in food intake and a loss of weight (Table 1 ). This was slightly more marked in partially hepatectomized rats, but they were eating and growing normally by day 4 after hepatectomy ( Table 1) . As would be expected during partial food-deprivation, liver weights fell slightly on the first day after sham operation (Table 2 ). In hepatectomized rats, the liver had regained much of its lost weight by day 4 after operation (Table 2) .
Synthesis de novo of liver fatty acids after partial hepatectomy
The synthesis de novo of fatty acids was followed with 3H20 as a function of time after partial hepatectomy. During the phase of rapid re-growth (1-3 days after hepatectomy), hepatic fatty acid synthesis (per g of fresh liver) was increased, compared with rates in either sham-operated control rats or untreated animals (Fig. 1) . Lipogenesis was also increased when expressed per whole liver in regenerating liver compared with control livers (Fig. 1.) Fatty liver after partial hepatectomy It is well established that the regenerating liver usually accumulates a small amount of extra fat. In our series of animals this was true for the first 2 days after partial hepatectomy, in comparison with shamoperated controls (Table 2 ). The sham-operated rats showed a relative decline in fat content during the first 2 post-operative days (Table 2) , perhaps as a result of partial mobilization of liver fat in response to food-deprivation. If the increased synthesis de novo of fatty acids is of major significance during regeneration, one might expect a relative increase in the major products of synthesis, i.e. palmitate, stearate and oleate. Therefore the composition of hepatic glycerides was analysed, 2 days after hepatectomy, by quantitative g.l.c. (Salmon & Hems, 1976) . The results confirmed that most of the extra fatty acid in regenerating liver (see Table 2 ) was located in triacylglycerols. The biggest proportional increase was in the hepatic content of triacylglycerol octadecenoates, which was 12.4 ± 1.7 (S.E.M.) (3) pmol/g of fresh liver after partial hepatectomy, and 5.5 ± 0.6 (3) in sham-operated rat liver. This increase (in the regenerating liver compared with controls; P < 0.02) was in general agreement with the results of Glende & Morgan (1968) , and is explicable by the influx to liver of fatty acids from plasma, as well as by the increased rate of synthesis de novo. In view of the established parallelism between processes of lipogenesis and desaturation (Gellhorn & Benjamin, 1966) , the synthesis of unsaturated acids was followed with 3H20 in the regenerating liver (Table 3 ). The incorporation of 3H into all fractions was increased after hepatectomy, to approximately the same extent as was observed in the total fatty acid fraction. Thus there was not a specific increase in the synthesis de novo of any particular class of fatty acids in the regenerating liver. The incorporation of label into di-and poly-enoic fatty acids was increased after partial hepatectomy, suggesting that elongation of pre-existing essential fatty acids was enhanced in parallel with the overall increase in synthesis rates. On general grounds this would be expected to maintain the pattern of fatty acids produced during the period of accelerated growth. (6) 1.70±0.54 (10) 2.48+0.77 (6) 2.94±0.85 (4) 2.55±0.38 (7) 4.5 +1.6 (10) 5.0 +0.3 (4) 9.4 ±2.3 (3) Synthesis ofliver cholesterol andfatty acids in adipose tissue It is possible that there is a requirement for extra synthesis of cholesterol during regeneration of the liver, so this was measured with 3H20 (Table 4) . During the first 4 days of regeneration, although a trend was noticeable towards greater cholesterol synthesis after partial hepatectomy (compared with rates in sham-operated controls), no major differences emerged. Also, no significant alteration in adipose-tissue fatty acid synthesis was observed in partially hepatectomized animals (Table 4) [I4C/3H (in d.p.m.) in liver] gives a measure of the relative significance of blood-borne glucose as a precursor of fatty acids in adipose tissue, compared with liver (Hems et al., 1975) . This quotient was 4-9 in the present experiments ( Table 4) , showing that blood-borne glucose contributed at most 25 % of the carbon of synthesized fatty acids in the liver. There were no differences between partially hepatectomized and sham-operated rats.
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Synthesis offatty acids in the perfused liver
To decide whether the accelerated fatty acid synthesis observed in the regenerating liver of the intact animal reflected an intrinsic alteration in the hepatic capacity for fatty acid synthesis, livers were perfused under controlled conditions (Table 5) . Three sets of conditions were used, chosen because of Vol. 170 the significance in regulation of hepatic fatty acid synthesis of the constituents added to the perfusate. In no case was the rate of fatty acid synthesis altered in perfused regenerating liver compared with that in controls (Table 5) .
Concentration ofliver glycogen andplasma lipids
Fatty acid synthesis in the liver is dependent on glycogen content (Salmon et al., 1974 ) and on circulating unesterified fatty acid concentration (Mayes & Topping, 1974) . To assess the importance of these factors after hepatectomy, liver glycogen (Fig. 2) and plasma unesterified fatty acids and triacylglycerols (Fig. 3) were measured. The glycogen content declined transiently after hepatectomy (Fig. 2 ), in agreement with other studies (Simek et al., 1968; Bonney et al., 1973 ). There were no major changes in the concentration of plasma unesterified fatty acids or triacylglycerols compared with shamoperated controls (Fig. 3) .
Activity ofacetyl-CoA carboxylase in liver It is widely held that the major control site of fatty acid synthesis is the acetyl-CoA carboxylase reaction (e.g. see review by Volpe & Vagelos, 1976) . Therefore this enzyme was assayed in regenerating liver (Table 6) . No difference was found, compared with activities in sham-operated rats. Activities were of the same order as the rates of fatty acid synthesis (cf. Fig. 1 and Table 6 ). (4) 2.31±0.14(6) 2.55+0.31 (4) 2.09+0.46 (8) 1.08+0.31 (5) 2.94+1.32 (4) 3.17+1.24 (7) 4.0 +0.6 (9) 5.9 +3.1 (3) 7.1 +1.9 (4) Fig. 1 Time after hepatectomy (days) Fig. 3 . Serum lipids in rats after partial hepatectomy At various times after partial hepatectomy (e) or sham operation (o) rats were killed quickly by stunning and serum was prepared for determination of (a) total unesterified fatty acid, and (b) total triacylglycerol. The zero-time value (U) is given for nonoperated rats. Results are means ±S.E.M. of three to six measurements. increase could then complement the well-established enhancement of processes for conversion of longchain fatty acids into acylglycerols, to maintain the 1978 The synthesis of both saturated long-chain fatty acids and monoenoic fatty acids was increased in regenerating liver. Hence this situation provides another instance where fatty acid mono-desaturation adapts in parallel with the total capacity for synthesis (Gellhorn & Benjamin, 1966) .
In the early phase of regeneration, a fatty liver is usually observed. In the present experiments, this feature persisted for 2 days. The increased rates of fatty acid synthesis could have contributed to the extra fat deposited (which consists entirely of triacylglycerol; Glende & Morgan, 1968 ; the present work). The transient fatty nature of the liver is probably caused by the relative stress and fooddeprivation that occur for 1-2 days after partial hepatectomy (compared with either sham-operated controls or untreated animals), resulting in mobil--ization of fatty acids from adipose tissue to liver, rather than by any more subtle feature of the posthepatectomy state.
Cholesterol synthesis is not accelerated in the regenerating liver, presumably because a mammal always contains sufficient cholesterol to sustain turnover in the liver, during re-growth.
Control offatty acid synthesis in regenerating liver
The enhanced capacity for fatty acid synthesis in the liver of rats after hepatectomy requires explanation. A group of possible non-specific causes may be excluded; thus the increased lipogenesis is unlikely to be a response to relative food deprivation (which was present in the hepatectomized rats, compared with sham-operated controls) or to their relative fall in liver glycogen content, or to any relative changes in plasma lipid concentrations (as no significant changes were observed in hepatectomized rats compared with sham-operated rats). Also, it is relevant that fatty acid synthesis in adipose tissue was not accelerated in partially hepatectomized compared with shamoperated rats. Non-specific influences (e.g. differences in stress or diet) would in general be expected to affect both tissues and to lead to a decrease in fatty acid synthesis (rather than enhancement) compared with the rate in untreated rats.
Therefore the enhancement of fatty acid synthesis in the regenerating liver may reflect a regulatory response which is specific to the re-growth situation. This response does not appear to involve intrinsic alterations in the hepatic capacity for lipogenesis, as was shown by perfused liver experiments, and by measurements of the maximum assayable activity of acetyl-CoA carboxylase (widely held to be the major regulatory site in fatty acid synthesis). Therefore the acceleration in fatty acid synthesis in the regenerating liver (in vivo) appears to be due to continuous action of intracellular or blood-borne modifiers (e.g. hormones or substrates). The relevant modifiers cannot include insulin or glucagon in plasma, whose concentrations are decreased and increased (respectively) after hepatectomy (Leffert et al., 1975; Morley et al., 1976) , and these changes would not be expected to promote hepatic fatty acid synthesis.
